Abstract We have investigated the average P-wave travel-time residuals for some stations around Southern Thailand, Peninsular Malaysia and Singapore at regional distances. Six years (January, 2010-December, 2015 record of events from central and northern Sumatra was obtained from the digital seismic archives of Integrated Research Institute for Seismology (IRIS). The criteria used for the data selection are designed to be above the magnitude of mb 4.5, depth less than 200 km and an epicentral distance shorter than 1000 km. Within this window a total number of 152 earthquakes were obtained. Furthermore, data were filtered based on the clarity of the seismic phases that are manually picked. A total of 1088 P-wave arrivals and 962 S-wave arrivals were hand-picked from 10 seismic stations around the Peninsula. Three stations IPM, KUM, and KOM from Peninsular Malaysia, four stations BTDF, NTU, BESC and KAPK from Singapore and three stations SURA, SRIT and SKLT located in the southern part of Thailand are used. Station NTU was chosen as the Ref. station because it recorded the large number of events. Travel-times were calculated using three 1-D models (Preliminary Ref. Earth Model PREM (Dziewonski and Anderson, 1981, IASP91, and Lienert et al., 1986) and an adopted two-point ray tracing algorithm. For the three models, we corroborate our calculated travel-times with the results from the use of TAUP travel-time calculation software. Relative to station NTU, our results show that the average P wave travel-time residual for PREM model ranges from À0.16 to 0.45 s for BESC and IPM respectively. For IASP91 model, the average residual ranges from À0.25 to 0.24 s for SRIT and SKLT respectively, and ranges from À0.22 to 0.30 s for KAPK and IPM respectively for Lienert et al. (1986) ence between actual and estimated model velocities along ray paths to stations and can compensate for heterogeneous velocity structure near individual stations. The computed average travel-time residuals can reduce errors attributable to station correction in the inversion of hypocentral parameters around the Peninsula. Due to the heterogeneity occasioned by the numerous fault systems, a better 1-D velocity model for the Peninsula is desired for more reliable hypocentral inversion and other seismic investigations.
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Figure 1 Seismotectonic map of Malay Peninsula with major structure trends identified (after JMG (2006) ).
Introduction
Precise earthquake location is determined by many factors, which among others include data quality, station distribution, prior information of the velocity structure of the area and appropriate station corrections. Even with accurate phase picks, and reliable model, station correction plays a significant role in the hypocentral parameters inversion process.
Peninsular Malaysia is situated close where the IndoAustralian Plate is actively subducting southwestward underneath the Eurasian Plate. The major structural elements in the Peninsular Malaysia are the Bentong-Raub shear zone and the Lebir fault trending in almost N-S direction (Fig. 1) . Both Structures subdivide the peninsular Malaysia into three parts. Unfortunately, the stations used in the present work are situated in the Eastern part (i.e. Sibumasu terrane).
Figure 2
Hand-picked P n -and S n -arrival times using SeisGram2K (Lomax et al., 2012) for station IPM at an epicentral distance of about 385 km with an S-P time of 79.92 s. Fault lines in Peninsular Malaysia appeared to be infrequent and inactive. However, a series of large earthquakes in recent years had changed the tectonic setting in the Southeast Asian region, including Peninsular Malaysia (Bendick et al., 2001) . Earthquake locations and other seismogenic investigations around Peninsular Malaysia will benefit from the determination of station corrections for some velocity models. The likelihood of laterally varying heterogeneities makes a single travel-time residual value for a station unsuitable to every hypocentral parameters inversions. However, from record of many events, an average value of travel-time residual obtained from generating synthetic travel-times for a seismic station using a known velocity model can reduce the effect of shifting the computed hypocentral parameters far from the real locations. The effects of lateral heterogeneity at a given station can be accounted for by constructing a source-specific station correction. This is achieved by ray tracing through the models from the events to each station. Figure 5 Three Velocity model (PREM, IASP91 and Lienert et al., 1986) used for the analysis. 
Data and velocity model
In this work, six years' seismic archive of Integrated Research Institute for Seismology (IRIS) was used to obtain sourcespecific station correction from three 1-D velocity models. We focus on earthquakes (delta < 1000 km) due to the limitations of a flat-earth layered velocity model. The epicentral distance ranges from 240.93 km to 996.32 km. JWEED software was used to retrieve the seismograms from IRIS database. SeisGram2K (Lomax et al., 2012) was used to identify the first arrival phases. Fig. 2 shows a sample of the identified arrival time pick for P n and S n phases for station IPM at an epicentral distance of about 385 km with an S-P time of 79.92 s.
During this period, 152 events (Table 2 ) with magnitude of 4.5 and above were selected and a total of 1088 P-wave arrivals and 962 S-wave arrivals where hand-picked from 10 broadband seismic stations distributed around the Peninsular. The stations include three situated in West Malaysia (IPM, KUM and KOM). The three stations are among the 17 weak motion stations distributed around Malaysia with 10 broadband seismometers and 7 short period seismometers (Chai et al., 2011) . Four stations were situated in Singapore (BTDF, NTU, BESC and KAPK) and three in the southern part of Thailand (SURA, SRIT and SKLT). The location map of the 10 stations used in the analysis is shown in Fig. 3 , whereas, the epicenter locations of earthquakes are presented in Fig. 4 . The three 1-D models selected (Fig. 5, Table 1 ) include Preliminary Reference Earth Model (PREM), IASP91 and Lienert et al., 1986 . PREM according to Dziewonski and Anderson (1981) is an average Earth model that incorporates anelastic dispersion and anisotropy and therefore it is frequencydependent and transversely isotropic for the upper mantle. In PREM, the crust consists of two uniform layers with dis- continuities at 15 and 24.4 km. The IASP91 reference model (Kennett and Engdahl, 1991) is a parameterized velocity model that has been constructed to be a summary of the travel time characteristics of the main seismic phases. The crust consists of two uniform layers with discontinuities at 20 and 35 km. IASP91 model is similar to AK135 model for depths above the upper mantle, which is the region of focus of this work. The velocity model (Lienert et al., 1986) it is adopted by METMalaysia department of earthquakes (Chai et al., 2011) . The three models are widely accepted and used to represent the velocity structures within the earth.
Methodology
From the hypocentral parameters report of Integrated Research Institute for Seismology (IRIS), we use the twopoint ray tracing technique for a horizontally layered media with constant velocity distribution in each layer (Kim and Baag, 2002) , to compute travel-times for each station. In the technique, the horizontal distance X(d s ) as a function of the takeoff angle at the source is given in Eq.
(1) and illustrated in Fig. 6 . A quadratic equation with respect to the difference between the true and calculated takeoff angles at the source is obtained in a Taylor series expansion. The takeoff angle is iteratively deduced with a high convergence rate. We compute ray paths for both Pg and Pn phases.
where d s is the takeoff angle at source and h i is the layer thickness of the i-th segment. The velocity ratio is a i ¼ vi vs , where v s and v i are respectively the wave velocities of source layer and the layer corresponding to the i-th segment.
Using the respective values of their Moho depths for the three models, we separated IRIS reported focal depths into crustal and upper mantle events and computed travel-times. We corroborated our calculated travel time values with the results obtained with the use of TAUP travel-time calculation software for the three models. As expected, the computed values indicate that P n phases are first arrivals for the crustal events for the epicentral distance range of this study. We calculated travel-time residual for each station according to the number of record available.
Result and discussion
Travel-times of crustal events using IASP91 velocity model are computed for P n phase picks (Fig. 7 ). An average upper mantle Station NTU recorded the most number of events and was selected as the reference station. We subtracted the residual value of station NTU from the other stations. Our result is shown in Fig. 10 and Table 3 . The number of record obtained for each station is shown in column 5 where seven stations recorded over 120 earthquakes. Relative to station NTU, we observe that stations BESC and KAPK have negative residual values. The number of picks is relatively small for stations SURA, SRIT and SKLT. For crustal events the average P-wave travel-time residuals are represented in columns 6, 9 and 12 for PREM, IASP91 and Lienert et al. (1986) model respectively. Columns 7, 10 and 13 indicate the corresponding values for events with focal depths below the Moho boundary depth of the respective models. Columns 8, 11 and 14 show average P-wave travel-time residual at all focal depths. The three stations in the southern part of Thailand (SURA, SRIT and SKLT) recorded the least number of earthquakes as most of their waveforms were difficult to pick. The three models generally show positive residual for all stations when all events are considered, indicative of a low velocity structure beneath the peninsula. Apart from stations SURA, SKLT and SRIT with very few picks compared to the other stations, the residuals appear to increase among the three models: IASP91, PREM, Lienert et al. (1986) , in that order. The observed inconsistency in the stations may be due to their relatively few number of picks.
These corrections reflect the difference between actual and model velocities along ray paths to stations and can compensate for heterogeneous velocity structure near individual stations. The accuracy of earthquake location using any of the three models will benefit from their corresponding average residuals determined in this work. The computed average travel-time residuals can reduce errors attributable to station correction in the inversion of hypocentral parameters around the Peninsula. Figure 10 Residual values for the stations with respect to station NTU for the three models.
Conclusion
The choice of the reference model for any hypocentral parameter inversion affects the computational result. In this paper, station correction has been deduced for 10 weak motion seismic stations distributed across Peninsular Malaysia and Singapore. The corrections determined at regional distances for three 1-D velocity models (PREM, IASP91 and Lienert et al., 1986) will benefit the accuracy of earthquake location using any of the three models. The three models generally show positive residual for all stations, indicative of a low velocity structure beneath the peninsula. The computed average travel-time residuals can reduce errors attributable to station correction in the inversion of hypocentral parameters around the Peninsula. Bold values indicate the main result of the combination of the crustal and upper mantle phases.
